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[11 Total precipitable water vapor (PWYV) is characterized for the first time over
southwestern Europe by means of ground-based measurements during the period 2001—
2005. Existing data from three sites located in the Cadiz Gulf region, El Arenosillo,

San Fernando, and Gibraltar, using three different techniques, Sun photometer (SP), GPS,
and radiosondes, are used for the analysis. The 5 year data series gives a mean value of about
2 cm (SD = 0.7 cm) and a clear seasonal pattern. In the multiannual monthly means basis,
the highest values are reached in August—September, with a mean value of 2.5-2.6 cm,
whereas the lowest are obtained in January—February, with an average of 1.4—1.5 cm. The
data in the three sites have been compared in order to assess regional variability. Differences
could be due to real local variability but also could arise from the differences in the
measurement techniques. From daily to monthly bases, water vapor behavior is similar in the
three sites, with the largest differences ranging from 3% in summer to 14% in winter.
Outstanding results from these analyses are the observed local minimum in July, occurring
during the maximum of desert dust intrusions in the southern Iberian Peninsula, and the
significant differences found between the El Arenosillo (SP) and San Fernando (GPS)
measurements, related to the periodical replacement of the SP instrument at El Arenosillo.
The observed differences highlight the importance of drift in each SP because of filter aging
or other calibration problems. Finally, the Moderate Resolution Imaging Spectroradiometer

(MODIS) near-infrared water vapor product has been compared to the data from the
GPS station (San Fernando). MODIS retrieval slightly overestimates PWV in summer
(5%—8%) and significantly underestimates in winter (—23%).
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1. Introduction

[2] Water vapor is one of the most important constituents of
the atmosphere, playing a key role in atmospheric processes
over a wide range of spatial and temporal scales, from global
climatology and climate change to micrometeorology [AGU,
1995; Intergovernmental Panel on Climate Change, 2007]
(available at http://www.ipcc.ch/publications _and data/ar4/
wgl/en/contents.html). The importance lies on its contri-
bution to the global climate system as the most important
greenhouse gas and on its large latent heat, which plays a
fundamental role in the vertical stability of the atmosphere
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and in the structure and evolution of the cyclonic systems.
The advection of water vapor by the general atmospheric
circulation is also an essential element of the meridional
energy balance. A key issue in the measurement of water
vapor is its large spatial and temporal variability, which takes
place on much shorter scales than other meteorological
variables, such as temperature, pressure or wind speed and
direction.

[3] We are interested in the monitoring and analysis of the
total column water vapor content in the atmosphere defined
by several parameters. One of the most common is the Inte-
grated Water Vapor (IWV), which is the total mass of water
vapor per unit area for a column of atmosphere (expressed in
units of kilograms per centimeters squared). It may also be
quantified as precipitable water vapor (PWYV), i.e., the col-
umn thickness (in centimeters, the equivalent units to grams
per centimeter squared) which the water substance would
occupy if it were completely condensed and collected in a
vessel of the same unit cross section at standard temperature
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Figure 1. Map of the Gulf of Cadiz region in the southwest-
ern part of the Iberian Peninsula showing the three stations:
San Fernando (GPS), El Arenosillo (Sun photometer, SP),

and Gibraltar (radiosonde observations, RAOB).

and pressure (STP). Precipitable water represents an upper
limit to the total amount of precipitation that may be realiz-
able from a given atmospheric column. PWV varies greatly
both in space and time, from about 5 cm near the equator to
less than 0.1 cm at the poles.

[4] A variety of instrumentation, based on different tech-
niques and methods, has been developed in the last decades to
retrieve the total vertical water vapor content in the atmo-
sphere, from remote sensing techniques to systems that
sample “in situ” air. Each technique has its advantages and
drawbacks. However, an instrument which provides both
good spatial and temporal resolution does not yet exist.

[5] The analysis of the PWV content is accomplished for
several reasons: (1) scarce data of this quantity exist over the
Iberian Peninsula, (2) an initial climatology is needed in this
region, and (3) a comparison between different techniques
would be useful to check or improve PWYV existing data. The
Atmospheric Optics Group at the University of Valladolid
participates in the Aerosol Robotic Network (AERONET)
since 2000. This year, a Cimel Sun photometer (SP) was
installed at the El Arenosillo station, which belongs to the
Instituto Nacional de Técnica Aeroespacial (Spanish Aero-
space Agency), as a collaborative effort of these two
institutions and the Laboratoire d” Optique Atmospherique
of Lille University (France). El Arenosillo was the first
AERONET [Holben et al., 1998] site operating in the Iberian
Peninsula, giving rise to the first routine monitoring site for
atmospheric aerosols and also total precipitable water vapor
from radiometric observations. Since 2006 the group is
responsible for the Sun photometer calibration within the
Iberian Network for Aerosol Measurements (Red Ibérica de
Medida fotométrica de Aerosoles, RIMA), fully integrated in
AERONET. AERONET data are generically used as ground
truth for satellite remote sensing validation of water vapor
[Ferrare et al., 2000; Guanter et al., 2008] and aerosol pro-
ducts [Guanter et al., 2008; Curier et al., 2008].

[6] The main goal of this paper is to evaluate the temporal
evolution of the PWV as an initial step in establishing a cli-
matology in the region of study. To do this we use existing
data from a 5 year period, 2001-2005, obtained at three dif-
ferent stations in the Cadiz Gulf (southwestern Spain) with
three different types of measurement systems in operation:
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San Fernando, equipped with a GPS receiver, El Arenosillo,
with a Cimel Sun photometer (hereafter SP), and Gibraltar
Airport, where radiosondes are routinely launched. We take
the opportunity of the data available in these nearby sites,
which are operated for a long time by different institutions,
mainly military based.

[7] As a result of this analysis, we observed significant
differences between El Arenosillo (SP) and San Fernando
(GPS) data. The differences were related to the periodical
replacement of SP instrument at El Arenosillo. Therefore we
have investigated the possible drift in Sun photometer data
due to filter aging or other calibration-related problems.

[8] The paper is structured as follows: Section 2 provides a
short description about the characteristics of the area and the
type of data obtained at each station. Section 3 deals with the
methodology, where we explain the three techniques or
methods used, as well as give a short review of other tech-
niques to measure water vapor. Section 4 shows the results,
including the characterization of the column water vapor in
the region; the analysis of several issues of the Sun pho-
tometer data; and the colocated comparison of GPS and
Moderate Resolution Imaging Spectroradiometer (MODIS)
data at San Fernando. Finally in section 5 the conclusions
are presented.

2. Measurement Sites and Data

[9] The study of the vertical water vapor content in the Gulf
of Cadiz is carried out with the data from the GPS receiver at
the station in San Fernando, the radiosonde at the Gibraltar
station, and the RIMA-AERONET Cimel Sun photometer at
El Arenosillo. Figure 1 shows a map of the region and the
location of the three stations. The distance between stations
(about 80 km between El Arenosillo and San Fernando, and
80 km between San Fernando and Gibraltar) must be taken
into account in the analysis because of the spatial variability
of water vapor. Since San Fernando is located in the middle
and the GPS data are expected to be more reliable, the San
Fernando station is taken as a reference for the analysis of
regional differences among the sites. The study region has
very favorable weather conditions, with an average of about
156 cloudless days and 2998 hours of sunshine per year,
implying that 68% of the total time is spent in sunlight.
Seventy-five percent of the days, including partly cloudy
days, allow Sun photometer measurements.

[10] The GPS (Trimble 4000SSE, antenna TRM29659.00,
no radome) in San Fernando, Cadiz (36.5°N, 6.2°W), belongs
to Real Instituto y Observatorio de la Armada de Espafia. It
has been functioning since January 1996. This station con-
tributes to the International GNSS Service (IGS) network,
as well as to the Spanish network of the Instituto Geografico
Nacional de Espaiia.

[11] The radiosondes at Gibraltar Airport (36.2°N, 5.3°W)
are managed by the Meteorological Office of the United
Kingdom, but data were obtained from the University
of Wyoming archives (http://weather.uwyo.edu/upperair/
sounding.html). It is important to note that during the study
period, two different radiosonde systems were used: a Vaisala
DigiCORA II (MW15) system with a sounding RS80 for the
period January—May 2001; and a Vaisala DigiCORA III
(MW21) with RS90 from June 2001 to December 2005. The
Cimel Sun photometer at El Arenosillo (37.1°N, 6.7°W) is
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Table 1. The Different Sun Photometers Installed at El Arenosillo
With Their Working Periods During 2001-2005%

AERONET Number—Sun Photometer Start Date End Date
114 1 Jan 2001 30 Jul 2001
45 31 Jul 2001 27 Jan 2003
50 28 Jan 2003 12 May 2004
45b 13 May 2004 14 Dec 2005

“AERONET, Aerosol Robotic Network.

operated within the AERONET protocols, providing near-
real-time operational products that are of publicly available at
the AERONET web page. AERONET level 1.5 PWV data
are used in this work.

[12] The data given from Radiosonde and GPS are limited
by the specification errors given by the owner release of data
to the users, but in the case of Sun photometer we are not
simple users. The AERONET-RIMA network employs a
rigorous and well-defined calibration and data procedure to
control measurement quality. The instruments are replaced
approximately every year. For this reason, there is not a fixed
SP at each site, but they are rotated throughout the network.
Table 1 shows the list of SPs and the dates when they were
operating at El Arenosillo during the study period. Note that
SP 45 completed two separate periods at this site; conse-
quently, to avoid confusion we refer to it as SP 45b during its
second term.

3. Methodology and Instrumentation

[13] Instruments based on various techniques and methods
have been developed to retrieve the total vertical water vapor
content in the atmosphere. Many instruments use active or
passive remote sensing techniques from ground-based, sat-
ellite or aircraft platforms, while others are based on in situ
methods that can be carried aloft by balloons or aircraft.
Generally, ground-based remote sensing techniques provide
good temporal resolution but poor spatial coverage, while the
opposite is true for satellite and aircraft-based platforms. In
this section we provide a description of the techniques used in
this study as well as an overview of other commonly used
instruments and techniques.

3.1.

[14] Radiosondes have been the traditional technique to
measure the water vapor in the atmosphere by meteorologists
at ground stations. This technique provides a vertical profile
of the water vapor content. Although it has some limitations,
such as the finite balloon ascent rate and maximum altitude,
balloon drift during the ascent, the launch cost, etc., resulting
in low spatial and time resolution, it is the oldest technique
and hence has a reliable long-term data archive for most of
the globe. Modern radiosondes measure relative humidity
with accuracy of 3.5% [Elliott and Gaffen, 1991] and PWV
with an accuracy of a few millimeters [Niell et al., 2001].
The Vaisala radiosonde system is one of the most common
systems used worldwide and the one used in our study. It
is launched from Gibraltar Airport twice a day at 0000 and
1200 UTC, that also correspond with site local standard time.
There are several known limitations of the Vaisala RS80 and
RS90 sensors, like deviation from factory calibration and

Radiosonde
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sensor time lag, especially where steep humidity gradients
occur at low temperatures. For further information about
the radiosonde performance under different conditions, see
Miloshevich et al. [2006], and references therein.

3.2. GPS Systems

[15] The GPS method is based on the time delay of elec-
tromagnetic waves transmitted from a constellation of GPS
satellites caused by the slowing of the propagation speed of
the waves as they pass through the troposphere. The delay in
signal arrival time can be expressed as an equivalent increase
in travel path length (in centimeters), the zenith total delay
(ZTD). ZTD consists of two parts, ZTD = ZHD + ZWD,
where the zenith hydrostatic delay (ZHD) is produced by the
total air mass and the zenith wet delay (ZWD) arises from
water vapor [Bevis et al., 1992; see Wang et al., 2007], and
references therein. The ZHD is calculated from the atmospheric
pressure at the GPS antenna height corrected by gravity.

[16] The integrated water vapor (IWV) is calculated by
multiplying the ZWD by a conversion factor f(7,,), IWV =
AT,)ZWD, which is a function of the mean atmospheric
temperature, 7,,, as estimated by the surface temperature. The
proliferation of GPS receivers offers the possibility of a high
spatial and temporal resolution network for measuring water
vapor columnar content. Total precipitable water vapor
(PWV) or integrated column water vapor (IWV) can be
estimated by the GPS network data with a temporal resolution
of minutes and with an accuracy better than 0.15 cm [Duan
et al., 1996; Wang et al., 2007]. GPS receivers collect data
every second and different institutions provide tropospheric
delay legacy product ZTD integrated over various time ran-
ges [Byun et al., 2005]. For this study it has been used the
tropospheric delay legacy product ZTD of IGS calculated
every 2 hours [Gendt, 1998]. The quality of the PWV data
produced by GPS techniques has been proved by a number of
intercomparison studies [Revercomb et al., 2003; Van Baelen
et al., 2005; Sapucci et al., 2007; Bokoye et al., 2007].

3.3. Sun Photometer

[17] Various radiometric instruments are used to determine
PWYV, i.e., based on the measurement of electromagnetic
radiation over a broad spectrum from the visible, through the
infrared and into the microwave regions. Microwave radio-
meters [Westwater et al., 2006; Liljegren et al., 1999]
(available at http://www.arm.gov/publications/proceedings/
conf09/extended  abs/liljegren3_jc.pdf) use the interaction
of an emitted microwave signal with the atmosphere to
retrieve the water vapor, while infrared radiometers rely on
measuring the thermal longwave radiation emitted by the
atmosphere.

[18] Traditional radiometers [Michalsky et al., 1995], and
spectroradiometers [Cachorro et al., 1987, 1998] are based
on solar radiation measurements. In particular, Sun photom-
eter technique is based on the measurement of solar spectral
transmittance through the atmosphere in a strong water vapor
absorption band [Thome et al., 1992; Bruegge et al., 1992;
Schmid et al., 1996; Smirnov et al., 2000; Bokoye et al.,
2007], and references therein. In the case of the Cimel CE
318, the data are obtained from the modeling of the water
vapor transmittance 7,, in the 940 nm channel, after cor-
recting for Rayleigh scattering and aerosol optical depth
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Figure 2. Time series of mean daily water vapor values
given by San Fernando station data from January 2001 to
December 2005. Solid lines represent a 35 point smoothed
moving median from the three station data: San Fernando
(blue line), El Arenosillo (red line), and Gibraltar (green line).

transmittances, 7z and T, (see more details in the work of
Cachorro et al. [1998] and Bokoye et al. [2007]):

Tw = VR* Vo T, Tr,

where Vj is the extraterrestrial solar irradiance (or signal)
which is also the calibration constant of the Cimel photom-
eter. V is the irradiance (or signal) measured by the SP at
940 nm. R is the Earth-Sun distance in astronomical units. T,
is modeled in the AERONET algorithm by two parameters,
a and b, that depend on the filter spectral response:

Ty =exp|—a(m - IWV)"]7

where m is the water vapor air mass factor. The algorithm and
methods are based on the work of Bruegge et al. [1992].
Additional details may be found in the work of Holben et al.
[1998, 2001] and Smirnov et al. [2004].

[19] The Cimel SP obtains data about every 15 min during
daytime if the solar path is free of clouds. The error associated
to this technique depends on the error of the calibration
constant Vo and on the modeling of the water vapor trans-
mittance (the contribution of Rayleigh scattering and aerosols
is generally much lower). According to AERONET [Holben
et al., 1998; Smirnov et al., 2004; Bokoye et al., 2007] the
PWYV retrieved for this technique is accurate to about 10%.
However, the modeling of the 940 nm water vapor band is not
straightforward because of the contribution of continuum
water vapor absorption [Cachorro et al., 1998; Ingold et al.,
20001].

[20] Note that the sampling frequencies of the three meth-
ods are different. This fact must also be taken into account in
the statistics of the regional analysis. The diurnal variability
of the water vapor, analyzed in section 4.3, clearly highlights
this issue.

3.4. Satellite and Other Techniques

[21] A number of satellite sensors based on passive or
active radiometric instruments is applied to retrieve PWV.
These techniques provide good spatial but poor temporal
resolution, typically with one or two overpasses per day.
Many comparisons of data collected from these systems have
been made, i.e., MODIS/Aqua-Terra [Gao and Kaufman,
2003], SCIAMACHY [Noél et al., 2005] and MERIS
[Li et al., 2003; Lindenbergh et al., 2008; Guanter et al.,
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2008], ENVISAT, GOME/ERS-2 [Burrows et al., 1999;
Lang et al., 2007], and recently GOME-2/Mettop [Noél et al.,
2008]. There are also radiometer systems retrieving the water
vapor profiles using longwave infrared or microwave spectral
ranges, such as the old TIROS Operational Vertical Sounder
(TOVS; http://wdc.dlr.de/sensors/tovs/) [Arbelo et al., 1995]
and the more recent ATOVS system (http://wdc.dlr.de/
sensors/tovs/), composed of various sensors, including the
next-generation High Resolution Infrared Radiation Sounder,
the Advanced Microwave Sounding Unit on board NOAA
series satellites, and Aqua (http://aqua.nasa.gov/about/
instrument_amsu.php) [Buehler et al., 2008]. Other new-
generation sensors, such as the Atmospheric Infrared Sounder
(http://aqua.nasa.gov/about/instrument_airs.php; http://www-
airs.jpl.nasa.gov/) [Gettelman et al., 2006] on Aqua, use both
visible and infrared bands for PWV retrieval. The Infrared
Atmospheric Sounder Interferometer on Mettop is based on a
different measurement principle: Michelson interferometry
[Liu et al., 2008]. Besides its large spatial coverage with
more or less efficacy over ocean or land, it provides the water
vapor profile and the total content as the integration of atmo-
spheric profile (like radiosondes) though with low temporal
resolution.

[22] Finally, we also mention active systems, such as lidar
[De Tomasi and Perrone, 2003; Machol et al., 2004;
Whiteman et al., 2006; Flamant et al., 2003], which provides
water vapor profiles with different vertical and spatial
resolutions and horizontal coverage, depending on internal
characteristics of the system and if they are installed in a given
station or onboard a satellite platform. These systems are
more useful for detailed studies about the vertical structure
of water vapor in the atmosphere with the advantage of a
higher temporal resolution than radiosondes or satellites
radiometric sensors.

4. Results and Discussion

[23] The first part of this section deals with a general
analysis of the temporal evolution and seasonal behavior of
PWYV for the three locations during the study period. In spite
of the different measurement time scales for each technique,
the results show that we can derive representative features of
the area. The second part gives a general analysis about the
agreement between these three techniques and the last parts
reports on a more detailed comparison with more restricted
data sets, but with a higher temporal resolution. Individ-
ual GPS measurements were compared with concurrent SP
observations (obtained with the several different Cimel SPs
installed at the El Arenosillo station) to obtain an estimate of
SP stability. In addition, the two daily measurements obtained
from the Radiosonde (at 0000 UTC and 1200 UTC) are
compared with the GPS data (at 2300 UTC and 0100 UTC or
1100 UTC and 1300 UTC, respectively) to compare any
different behavior for day or night observations. To finish the
result section, a comparison between the GPS and the
MODIS precipitable water vapor is carried out for the 5 year
data set.

4.1 Temporal Evolution and Seasonal Behavior
of PWV

[24] Figure 2 shows the PWV time series of San Fernando
(GPS data) over the period 2001-2005, along with a 35 day
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Table 2. Water Vapor Statistics for El Arenosillo (SP), San Fernando (GPS), and Gibraltar (RAOB) Stations in the Gulf of Cadiz Area in

the Period 2001-2005%

Data Days Mean SD Median Max Min Percentile 10 Percentile 90
El Areno (SP) 40470 1501 1.93 0.72 1.88 5.11 0.21 1.02 2.87
San Fernan. (GPS) 20315 1701 2.07 0.64 2.06 4.36 0.30 1.23 2.88
Gibraltar 3569 1809 2.01 0.69 1.95 4.27 0.36 1.14 2.95

#Abbreviations are as follows: RAOB, radiosonde observations; SP, Sun photometer.

smoothing curve of the three measurement sites. The scatter
of data is ranging from about 0.5 cm in winter to about 4 cm in
summer, and there are significant year-to-year differences.
All three sites show a generally similar behavior, with
remarkable disagreements in some periods that will be ana-
lyzed later.

[25] Table 2 gives the statistics for the three data sets based
on daily averaged data. The mean value is about 2.0 cm,
ranging from 0.21 to 5.1 cm. El Arenosillo (SP) has the
highest standard deviation. Note that the second column
reports the total number of measurements of each data set
and the third column gives the number of days used for
the statistics. In general, San Fernando (GPS data) shows
the highest values, followed by Gibraltar (radiosonde) and
El Arenosillo (SP). This is not always true on a monthly basis,
as can be seen in Table 3 and Figures 3 and 4. This is dis-
cussed in more detail below. All figures show a clear seasonal
behavior for the three sites, with a maximum in summer and
a minimum in winter.

[26] Figure 3 gives the time series of monthly mean values
at the three locations, GPS, SP and Radiosonde, with similar
standard deviations (bars not shown) varying about 0.2-0.7.
The changes of SP instruments at El Arenosillo are high-
lighted by vertical dotted lines. See the low values in 2005 in
comparison to the other years and the large deviation of SP
values. Figure 4 shows the multiannual monthly mean, with
standard deviations of about 0.4—0.7 (see Table 3).

[27] From Table 3, the annual cycle has a peak of about
2.5-2.6 cm in August at El Arenosillo and Gibraltar, and in
September at San Fernando. The winter minimum is about
1.3—1.5 cm and occurs in January—February, depending on
the site. The seasonal behavior was already observed in other
studies over the Iberian Peninsula, such as in north central
Spain (continental climate) [Cachorro et al., 1998] using

spectroradiometer data, or at the Mediterranean coast
[Estellés et al., 2007] using Cimel SP data. This is consistent
with the general behavior for continental and maritime mid-
latitudes [Wang et al., 2007; Lang et al., 2007].

[28] We note that two anomalies in the seasonal cycle are
shown in the data from all stations, namely, relative local
minima in April and July. A more detailed analysis using only
San Fernando—GPS data over a longer time period (1996—
2005) for the interannual average shows that the observed
April minimum disappears, whereas the July one does not.
The former is, thus, an effect of the time limited database.

[20] It was shown recently that July has a maximum
number of Saharan dust events [Toledano et al., 2007b, esp.
Figures 3, 5, and 10] in this region, with occurrence up to 33%
of days. Furthermore, the type of Saharan dust events in
summer is different from the rest of the year. The desert
intrusions reach the Iberian Peninsula under four different
weather situations (for details, see Rodriguez et al. [2001] and
Toledano et al. [2007b]). The most common in summer is
named North African High at high Altitude (NAH-A) and is
the driest type, because the air mass reaches the Iberian
Peninsula directly from Africa. The other meteorological
situations imply longer trajectories and overpass the Medi-
terranean or Atlantic areas. We suggest that the direct tra-
jectory at altitudes between 1000 and 3000 m could explain
this unusual minimum. Studies from stations in the Iberian
Peninsula confirm this behavior [Ortiz de Galisteo et al.,
2008], with a decreasing gradient from south to north
corresponding to a decrease of the frequency of desert dust
intrusions.

[30] The PWV annual means remained relatively constant
and the differences between San Fernando and Gibraltar were
within 5% over the 5 year period. The El Arenosillo values
show larger variations (about 25%). This suggests analyzing

Table 3. Multiannual Monthly Precipitable Water Vapor Values for the Different Techniques in the Gulf of Cadiz Area in the Period
2001-2005 and Monthly Differences Taking San Fernando (GPS) as a Reference®

Mean (SD) Difference
El Areno (SP) San Fernan. (GPS) Gibraltar (RAOB) El Areno—San Fernan. (%) Gibraltar—San Fernan. (%)

Jan 1.35 (0.52) 1.54 (0.55) 1.42 (0.52) —0.19 (-12.36) —0.12 (-7.88)
Feb 1.39 (0.49) 1.53 (0.46) 1.44 (0.48) —0.14 (-9.20) —0.09 (—6.07)
Mar 1.70 (0.55) 1.84 (0.53) 1.74 (0.49) —0.15 (=7.96) —0.10 (=5.34)
Apr 1.68 (0.53) 1.74 (0.43) 1.62 (0.42) —0.07 (-3.80) —0.12 (-6.84)
May 2.10 (0.62) 2.01 (0.51) 1.90 (0.49) +0.09 (4.51) —0.12 (=5.73)
Jun 2.45 (0.56) 2.38 (0.45) 2.25 (0.52) +0.07 (3.13) —0.13 (=5.45)
Jul 2.37 (0.69) 2.26 (0.51) 2.26 (0.61) +0.11 (5.06) —0.00 (-0.19)
Aug 2.53 (0.55) 2.55 (0.47) 2.60 (0.62) —0.02 (-0.71) 0.05 (2.11)

Sep 2.50 (0.68) 2.59 (0.56) 2.58 (0.59) —0.09 (-3.47) —0.02 (-0.59)
Oct 2.35 (0.66) 2.57 (0.65) 2.53 (0.68) —0.22 (-8.42) —0.04 (-1.47)
Nov 1.74 (0.65) 1.96 (0.57) 1.90 (0.64) —0.22 (-11.37) —0.06 (-3.19)
Dec 1.59 (0.53) 1.84 (0.53) 1.77 (0.54) —0.25 (-13.74) —0.07 (=3.98)

“The multiannual monthly mean is computed from daily average values (not over a monthly mean). The last two columns are the simple difference of the

values of the first columns. Monthly differences are in centimeters. Percentages are given in parentheses.
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Figure 3. The time series of monthly means of water vapor
during the period 2001-2005 for data collected at the three
stations. Dotted lines indicate a change of SP.

in detail the PWV derived with SP at El Arenosillo and that
obtained with GPS in San Fernando (see section 4.3).

[31] Finally the diurnal variation of the PWV for each site
has been analyzed. For this purpose, water vapor anomaly
has been calculated for each measurement by subtracting
the corresponding daily mean. These anomalies have been
averaged for each hour interval and the results are shown in
Figure 5a. The GPS at San Fernando provides 24 hour
monitoring, whereas at El Arenosillo there is only informa-
tion during daylight hours. At Gibraltar only the two single
radiosondes at 0000 UTC and 1200 UTC are available,
therefore no information could be inferred from the radio-
sonde diurnal anomalies. However, it should be noted that
radiosonde mean values are similar to those at San Fernando
at 0000 UTC and significantly lower at 1200 UTC, as will be
discussed in the next section.

[32] The GPS data at San Fernando indicate a slight
increase during the morning until 1100 LT and decrease in the
afternoon. The amplitude of this diurnal cycle is in average
about 0.12 cm. The night minimum and morning increase of
PWYV follows the temperature pattern, but the quick decrease
in the afternoon does not. The diurnal cycle at El Arenosillo
has smaller amplitude (0.08 cm) and different pattern,
showing an increase during the daylight hours that follows
the temperature cycle. Furthermore, the diurnal cycle at
El Arenosillo is very similar to the average over the Spanish
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Figure 4. Interannual mean of water vapor during the period
2001-2005 for the three stations: San Fernando, El Arenosillo,
and Gibraltar. The dotted line presents the interannual mean of

water vapor obtained from Moderate Resolution Imaging
Spectroradiometer near-infrared data.
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Figure 5. (a) Diurnal water vapor anomaly at San Fernando,
El Arenosillo, and mean anomaly of 11 Spanish GPS sites.
(b) Diurnal water vapor anomaly in winter and summer at
San Fernando and the mean over Spain.

territory, calculated as the mean of 11 GPS sites in Spain
[Ortiz de Galisteo et al., 2010], whereas San Fernando data
show a different feature.

[33] A more detailed analysis has been accomplished with
the GPS data, extracting separately the diurnal cycle in the
winter and summer seasons (Figure 5b). The amplitude of the
diurnal cycle is doubled in summer (0.17 cm) as compared to
winter (0.09 cm). The patterns are also different. Intermediate
values are found in spring and fall (not shown). As can be
seen, the diurnal cycle in winter in San Fernando is very
similar to the average over the Spanish territory, but this
similarity is not observed in summer, when the cycle at San
Fernando is clearly different than the mean over Spain [Ortiz
de Galisteo et al., 2010]. In summer the breeze regime is
stronger, as well as the solar insolation, the evaporation, and
the convection. These factors, strongly conditioned by the
location near Gibraltar strait, dominate the diurnal pattern
in summer, whereas in winter the temperature diurnal cycle
seems to be the predominant factor. Other factors, like
changes in air mass, are not significant in the long term for the
diurnal anomaly, since the arrival of fronts, etc. can occur at
any time in the day.

4.2. Analysis of Regional Variability

[34] It is necessary to check whether the three locations are
part of the same water vapor regime or not. Figure 6 shows the
correlation between El Arenosillo and San Fernando (top)
and Gibraltar and San Fernando (bottom) for concurrent,
daily averaged measurements during the day. Note that
SP observations are only available during daytime. The
El Arenosillo-San Fernando comparison gives a slope of
1.002, with an intercept of —0.04 cm, a correlation coefficient
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Figure 6. Regression lines and associated parameters of the comparison between (a) the data obtained in
San Fernando and El Arenosillo and (b) the data from San Fernando and Gibraltar. The points are daily aver-
aged values based on concurrent measurement times during the day for each station.

R*=0.74 and a RMSE = 0.37. These values demonstrate
good agreement between both stations from a climatological
point of view. However, on a daily basis, differences can
be larger than 50%. The comparison between Gibraltar and
San Fernando is similar to the first one, with no substantial
differences. These values are in agreement with other com-
parisons between sites at similar distances [ Wang et al., 2007;
Bokoye et al., 2007].

[35] From Table 2, the mean difference for the entire
data set of daily averaged values between Gibraltar and San
Fernando is —0.06 cm (—2.9%), whereas the monthly differ-
ences (see Table 3) vary from winter to summer. In winter the
San Fernando values are about 8% larger than the Gibraltar
values. In summer there is a minimum difference of ~2%
between the two. The total difference between El Arenosillo
and San Fernando is about —0.14 cm (—6.7%). From Table 3
(monthly values) the differences vary from +5% in summer,
when PWYV values of El Arenosillo are higher, to —14% in
winter. In general the best agreement among the sites is found
in summer.

[36] The comparison of differences between Gibraltar and
San Fernando for the 0000 UTC data indicates small differ-
ences, with a bias of —0.03 cm, and the relative bias histogram
(Figure 7) presents Gaussian behavior that indicates non-
systematic differences. However, the 1200 UTC data have
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Figure 7. Relative frequency histograms of the relative dif-
ferences or bias between the data from San Fernando and
Gibraltar for the observations at 1200 UTC (white bars) and
0000 UTC (black bars).

a considerably larger bias (—0.14 cm) and the histogram of
differences appears shifted toward negative values. This
behavior has been noticed by other authors [Li et al., 2003;
Miloshevich et al., 2006], with the explanation that it is the
result of solar heating of the RS90 sonde during the day,
which does not occur at night. This problem is most likely
responsible for the observed differences at 1200 UTC,
although it must be noted that the bias is of similar amplitude
of the diurnal cycle, therefore the contribution of local effects
cannot be completely discarded. It must also be noted that the
GPS data may have a bias related to the relative calibration
of the antenna phase center variations before November
2006 [Ortiz de Galisteo et al., 2010], which is about 0.2 cm.
After this correction, the differences San Fernando—Gibraltar
would likely increase.

[37] Figure 8 represents the evolution of monthly relative
differences over the entire study period. Using this figure, the
comparison is more illustrative than in Figure 4 and Table 3,
because it highlights some time periods of clear disagreement
between El Arenosillo (SP) and the other 2 sites. These per-
iods correspond to the last months of operation of SP numbers
114, 50 and 45b. However, in 2002 the Cimel 45 measure-
ments show similar behavior than the other sites. Figure 8 also
shows that the differences between Gibraltar and San
Fernando do not exceed 10% except for the first semester
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Figure 8. Relative bias of monthly means during the study
period, 2001-2005, between the data obtained in San Fernando
(GPS) and the other two stations: El Arenosillo (SP) (black
bars) and Gibraltar (RAOB) (shaded bars).
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Table 4. Summary of the Statistical Comparison Between El Arenosillo and San Fernando Data for Each Sun Photometer Deployed at
El Arenosillo Station Analyzed for a Defined Range of Water Vapor Values and for Total Values

AERONET Number—Sun Photometer Range Data RMSE (cm) RMAD (%) Bias (cm)
114 Slope (1/d) (1.8 +0.2) x 10? 0-0.5 0 0.00 0.00 0.00
0.5-1.5 205 0.45 0.28 0.31
1.5-2.5 351 0.67 0.29 0.52
2.5-35 37 0.71 0.21 0.53
3.545 4 1.05 0.25 1.04
Total 597 0.61 0.28 0.45
45 Slope (1/d) (6.9 £ 5.8) x 107° 0-0.5 0 0.00 0.00 0.00
0.5-1.5 382 0.24 0.15 0.04
1.5-2.5 726 0.37 0.14 0.10
2.5-35 271 0.40 0.11 0.015
3.5-45 24 0.38 0.07 0.003
Total 1403 0.35 0.14 0.07
50 Slope (1/d) (=5.0 + 0.6) x 10~* 0-0.5 0 0.00 0.00 0.00
0.5-1.5 332 0.24 0.17 —0.06
1.5-2.5 858 0.37 0.15 —0.004
2.5-3.5 362 0.46 0.12 —-0.08
3.545 9 0.57 0.12 —0.43
Total 1561 0.37 0.14 —0.03
45b Slope (1/d) (-5.5 = 0.4) x 10~* 0-0.5 7 0.19 0.36 —0.14
0.5-1.5 525 0.29 0.21 -0.17
1.5-2.5 1257 0.41 0.16 —0.12
2.5-3.5 680 0.50 0.14 —0.22
3.545 37 0.68 0.15 -0.54
Total 2506 0.42 0.17 —-0.16
All 0-0.5 7 0.19 0.36 -0.14
0.5-1.5 1444 0.30 0.20 —-0.02
1.5-2.5 3192 0.43 0.17 0.03
2.5-3.5 1350 0.48 0.13 —0.11
3.545 74 0.61 0.13 -0.27
Total 6067 0.42 0.17 —-0.016

2001, the period when the RS80 radiosonde was used, as it
was indicated in section 2.

[38] As asummary, the three locations show a very similar
pattern, with high correlation and similar seasonal behavior in
the PWYV data, with differences around 10% that are larger in
winter. However, the most noticeable result of this analysis is
that the differences between El Arenosillo and the other two
sites are largely related to the change of SP instruments.
Further, the highest values of these differences are attained at
the end of each SP operation period, reaching values up to
20% (end of Cimel 50) and up to 30% (end of 114 and 45b),
evidently indicating drift due to aging of the SP filters and
other calibration problems [Halthore et al., 1997], as we
analyze in the next section.

4.3. Observation of Sun Photometer Drift

[39] As shown above, the differences San Fernando—
El Arenosillo (Figure 8) are directly related to the replacement
of SP instruments. This implies that a systematic error
associated to each particular instrument is affecting the SP
observations. Bear in mind that systematic errors, like mis-
calibration, do not compensate through averaging.

[40] These differences have been calculated for the first and
last months of operation of each Sun photometer. The result is
that, at the 95% confidence level, the absolute differences in
the last 6 months of each SP (0.38 + 0.30 cm) are significantly
larger than those of the previous months (0.27 £ 0.24 cm).
Therefore the departure of SP calibration is the reason for the
differences between El Arenosillo and San Fernando to be
larger than the expected regional variability (around 10%),

and clearly depend on the accuracy and stability of each SP
calibration. All PWV data of AERONET SPs used in this
study attained quality level 1.5, but did not reach level 2.0,
due to calibration problems (SP 114 [Toledano et al., 2007a;
Cachorro et al., 2008b]), or because the SP does not satisfy
network requirements for missing specific filter response
[Holben et al., 1998]. All the instruments except SP 114
attained level 2.0 for aerosol optical depth values [Cachorro
et al., 2008a, 2008Db].

[41] In order to assess possible filter degradation due to
aging or a general miscalibration of the SPs, Table 4 shows a
comparison with San Fernando for each deployed SP for all
data and for the different ranges of water vapor values. For
example, SP 45, with a RMSE of 0.35 cm, a bias of 0.07 cm
(as defined in the appendix) and a relative mean absolute
difference RMAD of 14%, has the best agreement, whereas
SP 114 has the worst, with a RMSE of 0.61 c¢m, a bias of
0.45 cm and a RMAD 0f28%. As mentioned, the SP 114 was
noted to have a serious calibration problem. Another large
monthly difference occurred in May 2003 for Cimel 50
(Figure 8), but in this case the differences arise because the SP
was out of order for 15 days during this month. The com-
parison, depending on water vapor values is also illustrated in
Table 4 for all SPs [Torres, 2007]. In general, the RMSE
increases and the RMAD decreases (with the exception of SP
114) with increasing PWV.

[42] The time series of the relative bias based on daily
values is shown in Figure 9 for SP 45 and 114, respectively,
and it is also registered in Table 4 for all instruments. The
relative bias of SP 114 versus San Fernando shows a linear
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of the Sun photometers: (a) SP 45 and (b) SP 114.

trend with a slope of s = (1.8 £ 0.2)-10 > d"". This large time
dependence is 100 times larger than for SP 45, which has
a slope s = 6.9 10> d"'. This means that after 500 days
of measurements, SP 45 shows differences of only 2%—-3%,
while for SP114, after only 200 days, the increase of the
relative bias is about 40% (the data from 2000 are not
included in this study). SP 50 and 45b have negative slopes
and are about 10 times larger than in the case of SP 45, which
means that in the same period the variability of the instru-
ments in terms of PWV is approximately 20%.

[43] Nevertheless, the results presented in section 4.2 show
that the SP data can be used to characterize the major seasonal
features of the PWV (Figure 4) on the basis of monthly
means. However, some precaution about possible instru-
mental malfunction needs to be considered, especially if short
periods are analyzed.

4.4. Comparison Between GPS and MODIS

[44] In order to provide an insight about satellite perfor-
mance for PWV determination over this area, the MODIS
near-infrared (NIR) water vapor product MODOS5 (collection 5)
has been analyzed and compared with our reference data set at
San Fernando (GPS) for the same period, i.e., 2001-2005.
The NIR MODIS PWYV retrieval is based on the transmission
in the 940 nm absorption band and the transmission at two
window channels (870 and 1240 nm) to derive water vapor
[Gao and Kaufinan, 2003]. These authors report an error of
the derived PWV of 10%, that can be larger for retrievals over
dark surfaces or under hazy conditions.

[45] For this comparison, a 5 km area around San Fernando
has been defined. PWYV values of cloud-free MODIS pixels
within this area are averaged (typically 50 to 70 pixels at 1 km
resolution). In addition only days presenting 50% of cloud-
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free pixels are taken into account for comparison with GPS
data at overpass time =1 hour.

[46] The multiannual means of the NIR product are shown
in Figure 4, together with the ground-based instruments.
In general the NIR water vapor from MODIS slightly over-
estimates GPS data in summer (+5 to +8% difference), but
underestimates water vapor in winter by —23%. The differ-
ences MODIS-GPS are also indicated in Table 3. The cor-
relation GPS-MODIS NIR (cloud-free cases) is R = 0.88
(N = 784 pairs) with slope 1.09 and intercept —0.10 cm, that
indicates overestimation by MODIS for high PWV values
and underestimation for low values. Similar results are found
by Li et al. [2003] at HERS (England) and a number of
GPS stations in Germany. Prasad and Singh [2009] found
overestimation by MODIS for all PWV values, although
with similar slope and correlation as we report here. In
cloudy cases MODIS shows no correlation with GPS and
clearly underestimates the PWV [see also Prasad and Singh,
2009].

5. Conclusions

[47] The precipitable water vapor content has been studied
in the Cadiz Gulf area by means of data available at three
locations equipped with different instrumentation (GPS,
Radiosondes and AERONET Sun photometer). This study
provides the first long-term characterization of PWV over
southwestern Europe. The area shows the seasonal behav-
ior of midlatitude zones, with maximum PWYV in summer
(about 2.6 cm) and minimum in winter (1.4 cm). Remarkable
result is the local minimum occurring in July, which may be
attributed to the frequent desert dust intrusions occurring over
south Spain.

[48] The differences among the three sites range between
10% and 30% on a monthly basis. In some cases differences
cannot only be explained by natural variability and are
identified as instrumental issues. To verify this, GPS data
have been used as a reference. Differences larger than 10%
between El Arenosillo (SP) and San Fernando (GPS) appear
clearly related to drift in Sun photometer retrievals, due to
filter degradation or other calibration problems. For this
reason, caution needs to be exercised when using water vapor
data from Sun photometer in future analysis, especially if
short periods are analyzed. Another instrumental issue is the
known problem of sonde heating by sun radiation. Further-
more, the colocated comparison GPS-MODIS indicates high
correlation (R* = 0.88) for cloud-free cases, overestimation
by MODIS for high PWV values (summer) and underesti-
mation for low values (winter).

Appendix

[49] Several statistical indicators have been used: RMSE,
bias, etc., for our analysis of the PWV differences between
the different techniques GPS, SP and Radiosonde. Because
sometime certain differences appear in the bibliography about
the definition or use, here the expressions taken by us (SP is
replace by Radiosonde when the other difference is ana-
lyzed). Bear in mind that we are analyzing differences and not
the error of a quantity and that GPS data have been taken as
the reference value.
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